Abstract: This study evaluated the effectiveness of pressure-assisted ozonation (PAO) in Chlorella vulgaris (C. vulgaris) cell disruption, and compared the disruption result with that of the ultrasonication (US) by using four quantification indicators: cell counting, ultra violet (UV) absorbance, turbidity and visible light absorbance. It was found that under the condition of 0.8 MPa and 80 cycles, PAO treatment achieved cell rupture of 80.3%, with the power of 1080 W and treatment time of 60 min, US achieved cell rupture of 83.8%. Cell counting was a reliable indicator and applicable to both PAO and US treatments. Turbidity and visible light absorbance gave similar results and featured as the simplest operation. UV absorbance reflected the metabolite release due to cell breakage; however, it was less reproducible when it was applied to quantify the cell rupture by PAO. Its trend indicated that during cell disruption metabolite degradation occurred, especially after significant rupture in the case of excessive PAO treatment. The cellular morphology of C. vulgaris cells during PAO and US treatments was investigated by scanning electron microscope (SEM) which certified that the cells damage was caused by both physical and chemical attack.
Introduction
New energy from biomass has attracted more and more attention recently because of the low carbon emission, reproducible and environmentally friendly characteristics [1, 2] . Chlorella vulgaris (C. vulgaris) is green eukaryotic microalgae and belongs to the family of Chlorellaceae and genus of Chlorella [3] . It is very commonly found in both fresh water and saline water. C. vulgaris has high photosynthetic efficiency as well as high biomass productivity and is strongly resistant against harsh conditions and invaders, which make it ideal as a source of proteins, enzyme, lipids, carbohydrates, pigments, vitamins and minerals [3] [4] [5] [6] [7] . To break the hard cell wall and release the internal components of C. vulgaris, multiple cell disruption techniques have been employed, the most frequently used techniques include high pressure homogenization, autoclaving, enzymatic lysis, bead milling, grinding, etc. [8] [9] [10] [11] . As the most crucial part of the microalgae utilization process, a feasible cell disruption technique is usually characterized by having the ability to continuously treat high-solids-content biomass, higher disruption rates, minimal damage to the integrity of target components and lower capital cost [12] . Since the quality of the target components is susceptible to different cell disruption methods applied, appropriate method should be carefully chosen depending on the utilization purpose. In order to accurately assess the success of cell disruption process, many quantitative evaluation methods have been used to determine the extent of microbial cell disruption. The quantitative methods could be categorized into direct measures (microscopic counts) and indirect measures (measurement of released internal cell components), each has its scope of application as different quantitative methods usually generate different measures [13, 14] .
The aim of this research is to test the cell disruption effectiveness of C. vulgaris using two disruption methods, pressure-assisted ozonation (PAO) and ultrasonication (US), and evaluate the cell disruption with four common quantification indicators, cell counting, UV absorbance (260 nm), turbidity and visible light absorbance (680 nm).
PAO was originally proposed by Hong et al. [15, 16] for the advanced degradation of recalcitrant organic contaminants in water or sediment. Later, it was found that this technique could improve the solubility of activated sludge, thus enhance the solids reduction and biogas production in the anaerobic digestion of PAO treated activated sludge [17, 18] . In one of the most recent studies, PAO was reported to be able to disrupt the C. vulgaris cells for lipid extraction, in which the extracted lipid was weighed to quantify the cell disruption, however no other quantification indicators was examined and compared [19] . This research will provide a more extensive insight into the process of cell disruption by PAO.
US is one of the most frequently used laboratory bench scale cell disruption methods. The application of US on microorganisms cell rupture started as early as 1960s. It has the advantages of short proceed time, high efficiency and easy operation, and has been successfully applied in enhancing the extraction of oil, proteins or other metabolites from many types of microorganisms [20] [21] [22] [23] . In the presented study, US was selected as a representative mechanical cell disruption method to compare with PAO and to evaluate the working efficiency of the new technique. Figure 1 presented the results of cell disruption with US quantified using four different indicators of turbidity, visible light absorbance, cell count and UV absorbance. Theoretically, the cell disruption rate ranged between 0 and 100%, which was more applicable when cell count was used as the quantification method as the quantity of C. vulgaris cells could be measured absolutely before and after disruption, and in the case of complete disruption when all cells are disrupted, the minimum observed intact cell quantity is zero. One of the limitations of cell count is that it is hard to reflect the extent of cell fragmentation quantitatively. Nevertheless, because of its accuracy and reproducibility, cell count still could be taken as a reliable benchmark for other measurement indicators in C. vulgaris cell quantification.
Results

Cell Disruption by Ultrasonication
For turbidity, visible light absorbance and UV absorbance, it was difficult to obtain the values that corresponded to the fully disrupted cells, so the minimum or maximum observed cell quantity was introduced to normalize the data. Thus, this normalization might lead to higher disruption rate than actual value, however, the disrupted cell debris, the organic components issued from broken cells and the degradation products of cellular metabolites during US treatment all contributed to the measured value, which made the results uncertain and complicated.
As depicted in Figure 1 , when cell count was used as indicator, the disruption rate increased as the processing time and ultrasonic power increasing with a distinct tendency: the highest C. vulgaris cell disruption proportion of 83.8% was obtained at the processing time of 60 min and the ultrasonic power of 1080 W, indicating that US was effective for C. vulgaris cell disruption.
The curves of turbidity, visible light absorbance and UV absorbance followed similar trends with those of cell count: the cell disruption proportions obtained under the same condition of 1080 W and 60 min were 72.8%, 100% and 75.3% for turbidity, visible light absorbance and UV absorbance, respectively. However, the tendency was more ambiguous. For turbidity, at lower ultrasonic power of 360 W, the cell disruption proportion increased with the treatment time. At higher ultrasonic power, the cell disruption curves ascended first and after descended. The main reason accounting for the fluctuation might be the degradation of the C. vulgaris cellular metabolites by US. Under exposure to intense ultrasonic energy, the cells were torn into smaller fragments by mechanical energy of cavitation, the cell shape changed from round to irregular, and the decreasing solid mass led to reduced turbidity. After cell breaking, the cellular metabolites such as protein, lipid, nucleic acid and chlorophyll were released into surrounding culture medium, which brought increased UV absorbance in the liquid. The metabolites were subsequently subjected to oxidation by free radicals produced from the reactions between ultrasonic waves and water [24] . As reported, most of the biomolecules could react with the active radicals [25] . The lipids were decomposed and the unsaturated fatty acids were reduced as a result of ultrasonic oxidation [19, 26] . Chlorophyll was oxidized and lost color, thus exhibited decreased visible light absorbance. Excessive US might also cause protein degradation or thermal denaturation due to the temperature augmentation in the US treatment system, which has been certified in the literatures [27, 28] . Some new particles might have been formed during this period, and as a result caused increased turbidity. For this reason, cell count curves had the most distinct trend and the narrowest error bar. Thus, it is recommended that cell count be applied as a reliable indicator to evaluate cell disruption during US treatment.
Cell Disruption by Pressure-Assisted Ozonation
Observing the curves in Figure 2 , it can be found that when using cell count as quantification indicator, the results followed the most distinct trends, turbidity and visible light absorbance had similar trends with that of cell count yet with sharper fluctuations. UV absorbance curves fluctuated dramatically with wild error bars. The cell disruption proportions obtained under the same condition of 80 cycles and 0.8 MPa were 87.7%, 92.4% and 7.6% for turbidity, visible light absorbance and UV absorbance, respectively. This might be interpreted as cell count is the most reliable among the four indicators in both cases, PAO and US disruption. Manual cell counting is more accurate than automated cell counting considering the interference caused by cell debris. For PAO, as the processing pressure and cycles increased, the aqueous ozone concentrations were also increased. For example, under the pressures of 0.2, 0.4, 0.6 and 0.8 MPa, when the cycle number was 80, the aqueous ozone concentrations in the suspension were 0.5, 0.8, 1.2 and 2.4 mg¨L´1, respectively. The fortified conditions brought about increased cell disruption rates accordingly. Under the PAO treatment condition of 0.8 MPa and 80 cycles (corresponding to a processing time of around 40 min), the C. vulgaris cell disruption proportion reached 80.3%. The cell disruption rate depended on the cell wall fracturability or its resistance to US and PAO processes. The results in this study indicated that C. vulgaris cell was more sensitive to PAO than US. Generally, PAO shortened the treatment time by one-third while achieving disruption rates close to that of US. In PAO treatment, during the compression phase, the exerted pressure enhanced the mass transfer of ozone into the aqueous media, and promoted the penetration rate or migration of dissolved ozone into the cell wall of C. vulgaris. During decompression phase, the compressed gas within the cells expanded at high speed until the concomitant shear force and impulsive force broke through the cell wall and membrane. At the same time, the cells undermined by improved ozonation in return became more fragile to the mechanical shock induced by successive compression and decompression.
Generally, the curves of turbidity were not as smooth as those of cell counting, thus turbidity might be less applicable than cell counting. Basically, along with the cell disruption proceeding, as cell components degrade, the solid mass concentration reduced and the light scattering of the treated cell suspension decreased, which led to decreased turbidity of cell suspension, and manifested increased cell disruption rate, and its curves aligned well with cell count in this study [14, 29] .
The validity of UV absorbance as quantification indicator of C. vulgaris cell disruption by PAO is highly questionable. During PAO treatment, the C. vulgaris cells undertook the severe attack by cooperated oxidation and pressurization. The cytoplasm from broken algal cells and the materials that built up the cell wall and membrane were released into the media, which had been expected to contribute to and increase the UV absorbance in the media. Conversely, Figure 2 indicated that the UV absorbance curves did not demonstrate this evident tendency, especially under the harshest condition of 0.8 MPa. Moreover, the UV absorbance exhibited a substantial underestimation of the disruption proportion compared to the other three indicators. When the PAO pressure increased to 0.8 MPa, the cell disruption proportions indicated by UV absorbance were only 9.9%, 10.6%, 6.2%, and 7.6% at cycles of 20, 40, 60 and 80, respectively, and this probably suggested obvious degradation or transformation of cellular compounds.
Scanning Electron Microscope Observation
It is meaningful to examine the cellular morphology to further understand the cell disruption mechanisms of US and PAO. The impact of US and PAO on the cellular morphology of C. vulgaris cells was investigated using scanning electron microscope (SEM). Figure 3 shows the SEM images of unicellular C. vulgaris cell before and after treatments. Under the PAO treatment condition of 0.8 MPa and 20 cycles, the intact C. vulgaris cells with smooth spherical surface were greatly distorted to anomalous shape. After 80 cycles PAO treatment under 0.8 MPa, the cells were severely lysed into fragments. When treated using US with power of 1080 W for 5 min, the cells shape remained normal, and the surface of the cells was only slightly roughened; however, when extending the US treatment time to 60 min, the cells were found to have shrunken greatly and shriveled with many punctures at the surface. This result revealed the C. vulgaris cells form during different stages of PAO and US treatment and testified some previous surmises that the cells damage was caused by both physical and chemical attack, and PAO was a fiercer method than US in cell disruption. It is useful to compare the energy cost during US and PAO for C. vulgaris cell disruption. To assess the efficiency of the two cell disruption methods, the energy delivered and the time consumed for US and PAO are presented in Table 1 . Since PAO could be applied to a broad range of biomass concentrations, it made PAO more suitable for scaled up applications; thus, the costs varied regarding different biomass concentrations. By comparing the energy cost during PAO and US for C. vulgaris cell disruption, it was found that PAO consumed only 40% of the energy consumed by US treatment to reach similar cell disruption rate. 
Discussion
Effectiveness of Ultrasound
Longer processing time and stronger ultrasound energy input usually resulted in higher concentrations of the released internal organic matter, which could be observed from the UV absorbance value. However, UV absorbance was not able to provide the identity of these cellular metabolites, and its responsiveness was not constant across all organic species [14] . Thus, if the original metabolites endured varied degrees of degradation during US treatment to generate new species of products that have much higher or much lower UV absorbance, errors became inevitable. Some cellular metabolites, such as lipids, may form micelles by adhering to the cell debris to form particles and thus separate from the aqueous medium, which would cause UV absorbance under estimation [30] .
Some vulnerable components such as chlorophyll were significantly and rapidly degraded and converted to low-molecular-weight organic acids such as lactic acid, citric acid, succinic acid, etc., which led to reduced amounts of chlorophyll and loss of green color in the microalgae suspension, and exhibited decreased visible light absorbance. This phenomenon was consistent with that reported by Matile et al. [31] .
Under the milder condition of low ultrasonic power (360 W), the damage of cellular metabolites was not very significant, or negligible, thus generating relative regular curves, as shown in Figure 1 . It is interesting to notice that at the two higher levels of ultrasonic power (720 W and 1080 W), the curves of turbidity, visible light absorbance and UV absorbance are very close to each other, which might imply that US energy of 720 W in this study was a threshold to maximize the permeability of C. vulgaris cell by partly disrupting its surface barriers without fully disintegrating it [32] .
Effectiveness of Pressure-Assisted Ozonation
Ozone is a strong oxidizing agent, which has been used to control biological growth in water treatment plants by its high efficiency of direct molecular reactions and indirect active radical reactions [33] . Ozone was previously reported to be able to lyse microalgae, liberate biopolymers such as proteins, cleave aromatic rings and decrease the molecular weights of natural organic compounds [34] . Different cell components have different degrees of susceptibility to ozonation, they might be mineralized into CO 2 and H 2 O; be partly oxidized, like lipids [19] ; extensively degraded, such as cellulose; and others have high tolerance to ozonation, like oxalic acid [35] . Various factors led to the presented UV absorbance findings; thus, using UV absorbance as the quantification indicator for cell disruption by PAO needs to be undertaken with caution.
The C. vulgaris cell disruption by conventional bubbling ozonation (CBO) without compression-decompression cycles was investigated and compared with that of PAO, and the results presented in Table 2 affirmed that the incorporating of moderate pressure effectively enhanced the cell disruption by ozonation. When using cell count, turbidity and visible light absorbance as indicators, it was observed that PAO achieved approximately 2.5 times improvement of C. vulgaris cell disruption with similar ozone dosage in equal treatment time. However, when using UV absorbance as indicator, CBO showed no cell disruption, which might indicate very limited cytoplasm issue and small extent of cell fragmentation. Table 3 compared the present work with some other techniques, including bead milling, microwave, autoclaving and enzymatic lysis. To summarize, when using PAO as cell disruption treatment, there are three main advances with respect to existing methods: (1) PAO could treat cell suspension without drying process, reducing costs; (2) PAO could achieve considerably high cell disruption in short time (less than 1 h); and (3) the cell residue after PAO treatment would be more readily liquefied in the subsequent treatment, such as anaerobic digestion. 
Comparation of Different Works
Materials and Methods
Microalga Sample Preparation
C. vulgaris was obtained from Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, China and cultivated as described in an earlier research [39] . In brief, the microalgae were cultivated in 4-L Erlenmeyer flasks containing 2 L growth media under the temperature of 25˝C in an incubator (PGX-350B, SAIFE Co., Ningbo, China). The illumination was supplied by cool white fluorescent lamps with light: dark cycles of 12:12 h and light intensity of 9600 lx. 
Cell Disruption
Cell disruption by PAO [19] : the ozone-air mixture was generated by an ozone generator (3A-OA-10, Tonglin Technology, Beijing, China, Power 500 W) with dry air as feeding gas, the stream was fed into a 1-L stainless steel reactor containing 300 mL C. vulgaris suspension using an air compressor (Danchai Machine Co. Ltd., Danyang, China, Power 520 W). When the designated pressure (e.g., 1.0 MPa) in the headspace of the sealed reactor was achieved, the pressure was rapidly vented to ambient level, thus completing a single pressure cycle. The designated pressure and the number of successive compression-decompression cycles were varied to identify ideal conditions for cell disruption. The time used to complete a whole cycle was about 30 s when the target pressure was 0.8 MPa. Figure 4 illustrates the PAO system set-up. The ozone concentration was determined by the indigo colorimetric method [40] . Cell disruption by US: The sonication probe of an ultrasonicator (JYP-1200L, Zhixin Instrument Co., Ltd., Shanghai, China, Power 1200 W) was inserted into the center of a 200 mL-C. vulgaris suspension placed in a 500-mL beaker, the US was operated at 20 kHz in pulse mode of 10 s on/10 s off. Experiments were conducted in batch mode with varying acoustic power and treatment time.
Before PAO or US treatment, the C. vulgaris cell suspension was diluted with water to give a turbidity of 280 NTU, which was equivalent to approximately 10,000 cells per mL.
Quantitative Evaluation of Cell Disruption
Cell counting was performed by manually counting 90 squares of a hemacytometer chamber (Bright-Line, Hausser Scientific, Horsham, PA, USA) using a microscope (LEICA DME, Wetzlar, Germany) with a color video camera (TK-C1481BEC, Victor Company of Japan, Ltd., Yokohama, Japan). UV absorbance of the C. vulgaris suspension supernatant was measured by a UV-Vis spectrophotometer (UV-2600, SHIMADZU, Kyoto, Japan) at 260 nm using a 1 cm path length quartz cell. The supernatant was obtained by centrifuging the microalgae suspension at 14,000 rpm for 30 min. Visible light absorbance of the microalgae suspension was measured at 680 nm using a 1 cm path length quartz cell. The turbidity of the microalgae suspension was determined using a turbidity meter (2100P, HACH Company, Loveland, OH, USA). All analyses were taken in triplicate. The untreated and treated microalgae suspensions were freeze-dried and subjected to observation using a SEM (S-4800, HITACHI, Tokyo, Japan).
Data Analysis
The data on cell disruption were analyzed according to a normalization method proposed by Spiden et al. [14] . The purpose of the normalization is to facilitate the comparison of the utility of different quantification indicators.
For cell counting, the cell disruption rates were calculated by Equation (1):
For turbidity and visible light absorbance (680 nm), the cell disruption rates were calculated by Equation (2):
where D t represents the cell disruption proportion at point t, c i represents the initial cell quantity, c t represents the cell quantity at point t, and c min represents the minimum observed cell quantity by observing turbidity or visible light absorbance. For UV absorbance (260 nm), which represented the released cell metabolite quantity, the cell disruption rates were calculated using Equation (3):
where x t represents the metabolite concentration at point t, x i represents the initial metabolite concentration in the suspension supernatant, and x max represents the maximal observed cell metabolite release.
Conclusions
Compared with US, PAO is an effective cell disruption method with higher efficiency. Cell counting is a reliable method for evaluating C. vulgaris cell disruption but it is also tedious. UV absorbance was a representative indirect quantitative method; however it is not applicable in the case of significant metabolite degradation. When US and PAO were applied to cell disruption, careful control of treatment condition is necessary to maximize the disruption and prevent any detrimental effects on desired products. For its high destruction effect to microalgae, PAO process could be considered as a promising technique for algal removal in the case of eutrophication.
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